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Abstract 
This paper proposed a mathematical model and numerical model to investigate the output characteristics of photovoltaic (PV) 
array of stratospheric airship. In addition, considering with the influence of flight time, flight status, flight location, flight height, 
environmental temperature and other factors on the output power of the PV array, the model of solar radiation, and PV array on 
the surface of Stratospheric Airship are established. Then, the thermal effects of the PV array on the airship is investigated using 
CFD/Fluent, based on which the three-dimensional temperature profile of PV array and airship are presented. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of Chinese Society of Aeronautics and Astronautics (CSAA).  
Keywords: stratospheric airship; PV array; thermal characteristic; Fluent  
1. Introductions 
As a high-altitude platform, stratospheric airships have wide application, especially in communication, 
broadcasting, remote sensing, scientific research, etc. Currently, United States, Japan, and South Korea are the major 
countries to develop stratospheric airships.[1-10] Generally, solar energy is used for providing power to high-altitude 
long-endurance airships, and this type of power system is a PV array coupled to an energy storage system.[2] The 
PV array is an important component in the airship power system. The efficiency, mass, surface shape, and position 
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of the PV array influence the airship performance, while time, latitude, temperature, and geometry affect the output 
characteristics of PV array. Furthermore more, the PV array has effects on the temperature profile of the airship hull 
and enhances the “superheat” or “supercool” of airship.[9]  
Based on a 180m long NPL Stratospheric Airship, the mathematical model and the equivalent circuit of PV 
module are established in this paper. Further, considering with the influence of flight time, flight location, airship 
curvature, paving pattern of PV array, flight status, flight height, environmental temperature and other factors on the 
output power of the PV array, the model of solar radiation, and PV array on the surface of stratospheric airship are 
built combined with Matlab simulation software. Then, the thermal effects of the PV on the airship is investigated 
using CFD/Fluent, based on which the three-dimensional temperature profile of photovoltaic array and airship are 
presented. 
2. Simulation model of the stratospheric airship and photovoltaic array[11] 
Based on the theory of drag coefficient of stratospheric airship, we adopted the NPL airship, which is proposed 
by National Physical Laboratory. And its slenderness ratio is 0.25. To investigate the output characteristics and 
thermal performances of the array and the stratospheric airship, the design parameters of the array and airship listed 
in Tables 1 were chosen. The preliminary design scheme of the NPL airship and array is shown in Figure 1. 
 
 
Fig. 1. Preliminary design scheme of the NPL airship and array 
Table 1 Design index of the airship and array 
Parameter Value 
Length, m 180 
45 
19000 
2000 
10% 
Helium gas 
190000 
20 
39N, 116E 
21 June 2014 
Diameter, m 
Area of airship, m2 
Area of array 
photoelectric conversion efficiency 
Buoyant gas 
Volume, m3 
Ceiling altitude, km 
Longitude and latitude 
Date  
The curved surface of the PV array, which conforms to the airship surface, receives nonuniform solar 
radiation. The array may be divided into ͸ͲͲ ൈ ͵Ǥ͵͵͵݉ଶ quadrilateral grids, as is shown in Fig.2, and 
each grid can be seen as a tilted plane. The radiation on each grid can be calculated accurately.  
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Fig.2. Grid graph of solar PV array 
3. Solar radiation model of the PV array of airship 
Position of the solar under horizontal coordinate system is determined by solar altitude angle H and solar 
azimuthal angle ߛ. The geometric relation of solar altitude angle H, solar azimuthal angle ߛ  and solar vector ܵ଴ 
under horizontal coordinate system can be seen in Fig. 3. 
 
Fig.3. Solar location under horizontal coordinate system 
For the given geography position, solar altitude angle H and azimuthal angle ߛ can be given as:  
                                                        ܪ ൌ ݏ݅݊߮ݏ݅݊ߜ ൅ ܿ݋ݏ߮ܿ݋ݏߜܿ݋ݏ߱                                                              (1) 
                                                                ߛ ൌ  ߜ ߱Ȁ ܪ                                                                            (2) 
And declination of solar δ and solar hour angle ω can be given as: 
                                                        ߜ ൌ ʹ͵ǤͶͷι ሺʹߨ ൈ ሺ݀௡ ൅ ʹͺͶሻȀ͵͸ͷሻ                                                              (3) 
                                                               ߱ ൌ ሾݐ േ ௅ି௅ೞଵହ ൅ ݁Ȁ͸Ͳሿ ൈ ͳͷ                                                                          (4) 
                                                      ݁ ൌ ͻǤͺ͹  ʹܤ െ ͹Ǥͷ͵  ܤ െ ͳǤͷ ܤ                                                              (5) 
                                                               ܤ ൌ ͵͸Ͳ ൈ ሺ݀௡ െ ͺͳሻȀ͵͸Ͷ                                                                            (6) 
According to the geometric relation of solar altitude angle H, solar azimuthal angle γ and solar vector ܵ଴, solar 
vector ܵ଴ can be expressed as:  
                                                           ܵ଴ ൌ ሺܪ  ߛ ǡ  ܪ  ߛ ǡ ܪሻ                                                          (7) 
Considering that solar vector under body axes coordinate system is needed finally, therefore, solar vector under 
horizontal coordinate system should be converted to body axes coordinate system. Based on the definition of the two 
coordinate systems, let J is the transformation matrix from horizontal coordinate system to body axes coordinate 
system, and J can be given as:  
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Whereߠ,߶,߰ are the pitch angle, roll angle and course angle of stratospheric airship. When ߠ,߶,߰ of the airship are 
given, solar vector under body axes coordinate system S can be obtained: 
                                                                               ܵ ൌ ܵ଴ ή ܬ                                                                                      (9) 
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If the direct solar radiation on the atmosphere boundary at a certain time is assumed to be 0E , 0E  can be calculated 
by follows [12,13]:  
                                                                             0 scE E r                                                                                     (10) 
                                                           1 0.033cos(2 d / 365)nr S                                                                     (11) 
Where, Esc=1367W/m2 is the solar constant, r is the correction value caused by the distance between the earth and 
the solar. Based on the divided grids of solar cell arrays, the direct solar radiation received by any of the grids can be 
calculated by follows:  
                                                                       0 cosi b i iE E AW D                                                                        (12) 
                                                              
0 00.56 0.096
10.56(e e ) k
m m
bW                                                                  (13) 
                                                                     
cos /i i iS N S ND   u                                                                    (14) 
Where, i is the number of the grids, Ai is the area of the grid i, Ei is the radiation received by the grid i, Ni is the 
normal vector of grid i, iD  is the angle between Ni and S, τb is the atmospheric clearness coefficient of the direct 
solar radiation, the value range of parameter 1k  is 0.8~0.9, in this study 1k =0.85, and m0 is the altitude modified air 
mass, which can be given as:  
                                                             
5.256
0 [(288 0.0065h) / 288]m m                                                        (15) 
                                                               ݉ ൌ ቊ
ଵ
ୱ୧୬ு ܪ ൒ ͵Ͳι
ሾͳʹʹͻ ൅ ሺ͸ͳͶ ܪሻଶሿଵȀଶܪ ൏ ͵Ͳι
                                       (16) 
Where, m is the air mass on sea level, h=20km is the radiation altitude.  
According to the conclusion above, when a certain date and geography position are given, the daily total radiation 
En received by the PV array can be calculated by follows:  
                                                                   1
e
b
t N
it i
En E  ¦ ¦                                                                                 (17) 
Where, tb, te are the time of sunrise and sunset, N is the total number of the grids. 
 
4. Numerical calculations and analysis 
The power output of the array is determined by the incident solar radiation on the array, the operating 
temperature of the array as well as the pitch, roll and course of stratospheric airship. Figure 4 shows the output 
profile of the array at the temperature 20ć. According to Y. W. Wang, the temperature of the array can reach as 
high as 60ćǄLecture [15] gives the temperature coefficient of solar cell. Figure 5 shows the output profile of the 
array at the temperature 60ć. 
 
 
            
Fig.4. The output profile of the array at the temperature 20ć   
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       Fig.5. The output profile of the array at the temperature 60ć. 
Finally, to investigate the three-dimensional temperature profile of PV array and stratospheric airship, Fluent is 
used for modeling and simulation analysis of the array and stratospheric airship. The airship model was built in 
CATIA V5R20, with inner construction ignored. Hexahedral meshes of outer surface and inner field were generated 
in ANSYS ICEM14.0, as shown in Fig. 6. 
 
Fig.6. Hexahedral meshes for 180m long NPL airship 
S2S radiation model and Solar Load model in Fluent were used to implement steady analysis on the stratospheric 
airship. The time was 1 p.m, June 21, 2014. The position was located at Beijing, and the altitude is 20 kilometers. 
Fair Weather Conditions method was also used for this simulation, and the temperature of the ambient atmosphere 
was 217K. The direct solar irradiation was 1367 W/m2 and the diffuse solar radiation was 200 W/m2. Emittance of 
envelope was about 0.88, the absorptivity was 0.33, exterior emissivity was 0.8 and interior emissivity was 0.733, 
thermal conductivity 2 ܹȀ݉ଶ ή ܭ. Transformation of solar cell array was 10 percent, absorptivity was 0.85, exterior 
emissivity was 0.8 and thermal conduction coefficient is 4.5ܹȀ݉ଶ ή ܭ. 
Simulation results on the 180m long NPL airship were shown in Fig. 7 and Fig. 8. 
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Fig. 7 Temperature distribution of the airship 
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Fig.8 Velocity distribution in the middle section of the NPL airship 
Due to solar radiation and high solar absorptivity of PV array, the highest temperature with the value of 320K 
appeared on PV array. The lowest temperature appeared on the lateral part of envelope where no solar radiation was 
applied. The lowest temperature was about 280K. As temperature on the upper side of the airship was higher than 
that on the lower side, accordingly, the natural convection was stronger. Temperature distribution on inner gas was 
mainly decided by diffusion, and the natural convective velocity was low, as shown in Fig. 8.  
If a 5mm thick insulation structure is installed between PV array and the airship hull, the temperature of the array 
will increase. However, the velocity of the inner helium gas reduced, which is beneficial for increasing the lifetime 
of the stratospheric airship. As is shown in Fig.9, Fig.10. 
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Fig. 9 Effect of insulation on temperature distribution of PV array and airship 
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Fig. 10 Effect of insulation on velocity of airship 
5. Conclusion  
Based on a 180m long NPL stratospheric airship, the mathematical model and the equivalent circuit of PV 
module are established in this paper. Further, considering with the influence of flight time, flight location, airship 
curvature, paving pattern of solar cell arrays, flight status, flight height, environmental temperature and other factors 
on the output power of the solar cell arrays, the model of solar radiation, and solar cell arrays on the surface of 
Stratospheric Airship are built combined with Matlab simulation software. Then, the thermal effects of the PV on 
the airship is investigated using CFD/Fluent, based on which the three-dimensional temperature profile of PV array 
and airship are presented. 
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